Abstract. Techniques for routine and rapid screening of the presence of foodborne bacteria are needed, and this study reports the feasibility of citrate-reduced silver colloidal SERS for identifying E. coli, Listeria, and Salmonella. Relative standard deviation (RSD) of SERS spectra from silver colloidal suspensions and ratios of P-O SERS peaks from small molecule (K 3 PO 4 ) were used to assess the reproducibility, stability, and binding effectiveness of citrate-reduced silver colloids over batch and storage process. The results suggested the reproducibility of silver colloids over batch process and also stability and consistent binding effectiveness over 60-day storage period. Notably, although silver colloidal nanoparticles were stable for at least 90 days, their binding effectiveness began to decrease slightly after 60-day storage, with a binding reduction of about 12% at 90 th day. Colloidal silver SERS, as demonstrated here, could be an important alternative technique in the rapid and simultaneous screening of the presence of three most outbreak bacteria due to the exclusive biomarkers, label-free and easy sampling attribute.
Introduction
Surface-enhanced Raman scattering (SERS) spectroscopy has been developed as an extremely powerful analytical tool for a wide variety of applications (Moskovits, 1985; Podstawka et al., 2004; Farquharson et al., 2006; Li and Cullum, 2005; Jarvis and Goodacre, 2004) . These applications arise from its ability to provide structural information of the analyte and to detect the analyte at much low / trace amount. In order to achieve SERS signal enhancement, the analyte must be attached (adsorbed) or in close proximity to a specially prepared surface of noble metals such gold (Au) and silver (Ag). Currently, a number of different types of Au and Ag substrates have been developed, in the forms of metal colloids, roughened electrodes, nanorod arrays, and vacuum deposited metal/nanopartical island films. Among them, silver colloids have been extensively used. They have several advantages over other substrates: (1) silver colloids can be easily and inexpensively prepared by reduction of aqueous solution of silver salts; (2) silver nanoparticles are suspended in solutions and can slow their oxidation process, meaning that a fresh surface is available for each analysis and their lifetime can be long; (3) silver colloids provide homogeneous binding sites between nanoparticles and analyte; (4) sampling method of silver colloids directly mixed with incubated cultures can reduce the possibility of bacterial cross-contamination; and (5) optical properties of silver colloids can be easily assessed by UV-visible and Raman spectroscopy.
However, like other substrates, there are still major problems associated with the reproducibility and stability of silver colloids, as silver nanoparticles might vary from batch to batch in particle size, particle shape, particle size distribution, and aggregation, and tend to aggregate and to precipitate in solutions over time. Such drawbacks seem to make SERS technique unsuitable for qualitative and quantitative applications. For example, different bacteria could be clearly distinguished with multivariate statistical techniques, but the chemometric models were developed from only one of three batches of fresh colloidal silver solutions (Jarvis and Goodacer, 2004) . However, in a recent study (Liu et al., 2007) , we have demonstrated that simple algorithms from the unique SERS bands can be used for rapid and routine identification of E. coli and L. monocytogenes cultures adsorbed on silver colloidal nanoparticles which were prepared from different batches and undergone various storage durations.
As an alternative, the flow system has been developed aiming to produce reproducible and stable colloids (Keir et al., 2002) . The colloids prepared using a batch process were less reproducible than those prepared using the flow system with respect to their extinction and full width at half-height (FWHH), while the variation in peak position for the colloids prepared using the batch process was similar to that for the colloids prepared using the flow system. Nevertheless, batch based colloidal fabrication is still attracting and practical, due to its simplex and easy to operate. On the other hand, one analyte in two different colloidal batches might exhibit some differences in relative intensity and position of SERS peaks, and could provide complementary binding information.
In addition to measure the UV-visible spectra of silver colloids in the pure state for the examination of reproducibility and stability, probe compounds such as dyes and inorganic phosphate have been introduced into colloidal solutions to assess their binding effectiveness. For example, an azo dye was used to compare the reproducibility of silver colloids prepared using two methods, the flow system and the batch process (Keir et al., 2002) .
Furthermore, attempts have been made to further improve the SERS signal by adding aggregation agents (Koo et al., 2004; Li et al., 2004) . Koo et al reported the significant signal amplification induced by the cation and anions. Undoubtedly, inappropriate addition of anions could result in unexpected SERS bands ascribed to residual citrate in colloids. Besides the SERS signal enhancement, repeatability is a great concern, as there were very large discrepancies in both relative intensity and position of SERS peaks for duplicate experiments.
The objectives of this study were: (1) to prepare a large number of citrate-reduced silver colloids and to evaluate both their reproducibility over batches and their stability over storages, (2) to assess their binding effectiveness by using tripotassium phosphate (K 3 PO 4 ) as the analyte, and (3) to examine the variations of different bacterial cultures in a number of colloids over batch and storage process. The ultimate goal is to develop silver colloidal SERS sensors for rapid, simultaneous, and routine screening of the presence of three most outbreak bacteria, E. coli, Listeria, and Salmonella.
Experimental

Chemical Reagents and Glass Tubes
Chemical reagents (silver nitrate, >99%; trisodium citrate, > 99%; and tripotassium phosphate, > 98%; Sigma-Aldrich Co., St. Louis, MO, USA) and Trypic Soy Broth (TSB) growth media (Becton, Dickinson and Co., Sparks, MD, USA) were used without further purification. Disposable glass tubes (6 mm in outside diameter x 50 mm in length) were supplied by Fisher Scientific (Suwanee, GA, USA).
Silver Colloid Preparation
During nine-month period, ten batches of citrate-reduced silver colloidal suspensions were prepared by a modified Lee and Meisel procedure (Lee and Meisel, 1982) . Briefly, a clean 250 mL beaker containing 100 mL of distilled/deionized water and the magnetic stirring bar was placed on a stirrer hot plate, and the beaker opening was covered with aluminum foil to minimized the loss of water. It was heated to approximately 45 °C, at which point 18 mg of silver nitrate was added. With further heating and stirring, the solution was brought to boiling point and 2 mL of 1% (w/v) trisodium citrate was introduced. The solutions were boiled for about 15 min with continuous stirring, allowing sufficient time for formation of silver colloidal nanoparticles. These were noticed by the gradual color change from a colorless to a gray/green solution approximately 7 min after addition of the trisodium citrate. The beaker was taken off the heat, cooled to and kept at room temperature.
Bacterial cultures
Over 14 batches of Escherichia coli strains (E. coli ATCC 25922), Listeria monocytogenes strains (L. monocytogenes ATCC 13932), and Salmonella Typhimurium strains (S. typhimurium ATCC 14028) were incubated in TSB growth media at 37°C for approximately 17-20 hours without agitation in one-year span. This growth procedure routinely yielded a culture containing ~10 9 colony forming units (CFU)/ml of each respective bacterium at stationary phase.
SERS spectral collection and analysis
SERS spectra were collected on a FT-Raman module for Nicolet 670 FT-IR bench (Madison, WI, USA) using an DTGS KBr detector and XTKBr beamsplitter. Raman scatter was accumulated using 180° reflective mode with 1 W of laser power at 1064 nm excitation and 256 scans at 8 cm-1 resolution. All spectra were transformed into .spc files (Grams file format) and then were smoothed with the Savitzky-Golay function of 2 polynomial and 11 points by the use of Grams/32 software (Version 7.0, Galactic Industries Corp., Salem, NH, USA). The data set was loaded into Microsoft Excel 2000 to execute simple algorithm analysis.
Two types of measurements were performed. First, 50 µL of different silver colloidal batches in both fresh and aging state were introduced into 6 x 50 mm commercial glass tubes (Fisher Scientific, Suwanee, GA, USA) to evaluate their reproducibility and stability, and 40 µL of an aqueous K 3 PO 4 solution was added to same volume of silver colloids to examine the binding effectiveness of silver nanoparticles. Second, bacterial suspensions were mixed with silver colloids at a volume ratio of 1:1 (40 µL/40µL) to get the respective SERS spectra. For one bacterial or K 3 PO 4 solution against one batch colloidal solution, two measurements were taken. Immediately after mixing two solutions, the tubes were harshly shaken 5 times and then kept untouched for 10 min before the subsequent SERS measurements.
RESULTS AND DISCUSSIONS
Assessment of reproducibility, stability, and binding effectiveness of batch based silver colloids
One of major concerns in routine SERS studies is to prepare reproducible silver colloids with the batch process, as the fabrication procedure is sensitive to many factors, such as temperature and period of mixing. Commonly, scanning electron microscopy (SEM) images and UV-visible spectra of silver colloids were obtained to reveal detailed information on the shape, size and size distributions of silver nanoparticles. Away from the traditional method, we took two steps to assess the reproducibility, stability and binding effectiveness of silver colloids over batch and storage process, (i) normalized FT-Raman spectra and (ii) the P-O SERS peak intensity. These measures could assure the reproducibility and consistency of batch based silver colloids in the routine application over a long period.
Figure 1 (a) shows the average (middle) ± standard deviation (SD, upper and lower) spectra of Raman signals from thirteen fresh silver colloidal suspensions prepared with the batch process in the 1700-100 cm -1 region. Before taking the mean, 13 spectra were normalized at 215 cm -1 peak by scaling its maximum intensity to be 1. It can be seen that, besides the 215 cm -1 band, there are no other significant Raman / SERS peaks arising from decomposed chemical residuals and water in silver colloids. The 215 cm -1 band might be due to the silver-oxygen mode (COO-Ag) 16 , and be associated with size, aggregation, and size distributions of silver nanoparticles. As a comparison, normalized Raman spectra of aged silver colloids together with their SD (upper and lower) spectra are given in Fig.1 (b) . Except the band at 215 cm -1 , there are no additional SERS peaks observed for the silver colloids during thirteen-week storage period at room temperature. It suggests the stability of the silver colloidal suspensions and is in good consistence with other reports 11 .
Fig. 1: (a) Average (middle) ± standard deviation (SD, upper and lower)
Raman spectra of 13 fresh silver colloids prepared with a batch process. In addition, probe compound such as dye has been introduced into colloidal solutions to assess their binding effectiveness
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. In which, an azo dye was used to compare the reproducibility of silver colloids prepared using two methods, the flow system and the batch process. In this work, K 3 PO 4 was selected as a target analyte because of its characteristic P-O vibrations. . The phosphate bands are clearly surface-enhanced as they are much more intense in colloid than in aqueous solution. It exhibits three intense SERS-active bands at 1086, 922, and 564 cm -1 . As a comparison, FTRaman spectrum of K 3 PO 4 in solid state is presented in Fig. 2 (c) and it is dominated by a very strong band near 922 cm -1 , which arises from the symmetric P-O stretching mode (ν 1 ) 17, 18 . Therefore, intense and separated ν 1 SERS P-O band at 922 cm -1 could be used to evaluate the Fig.  3 . Apparently, variations of binding effectiveness of silver colloidal nanoparticles over batches even within one batch are greater than those of colloids over the storage, with relative standard deviations (RSDs) of 9.6% and 3.5% for the batch process and for the storage process, respectively. This result is very close to the best reported RSD of 6.6% between the citrate-stabilized borohydride-reduced silver colloids prepared using the flow system 11 . Time-dependent SERS enhancement or lifetime have been reported for silver nanoparticle films deposited on glass slides via thermal vacuum evaporation or deoxidizing silver iodide nanoparticles. Li and Cullum found that SERS signal intensity decreased with increasing exposure time to air, and observed a 50% and 75% decay of signal intensity after the substrates were exposed to ambient conditions for 200 hrs (ca. 8 days) and 489 hrs (ca. 20 days), respectively. Whereas Li et al. reported that SERS enhancement increased initially, reached a maximum on about the 45 th day after the preparation and then gradually decreased to 50% of maximum intensity around the 90 th day. Therefore, lifetime of silver colloidal nanoparticles, as shown in Fig. 3 , is much longer than that of silver island films reported previously.
SERS characteristics of E. coli, L. monocytogenes, and S. typhimurium cultures
Figure 4 through 6 show typical SERS spectra in the region of 1100 -300 cm -1 from mixtures of two batches of silver colloidal suspensions and one batch of E. coli, L. monocytogenes, and S. typhimurium culture, respectively. As a comparison, FT-Raman spectra of individual cultures are given as intact, which do not show any apparent bands. Expectedly, there are large variations in both relative intensity and position of SERSactive bands, because of subtle changes among silver colloidal batches and unpredicted "hot" binding sites. Since incubated bacterial cultures consist of numerous species, which were pre-existing in growth media and were produced as the byproducts during the bacterial growth, clear understanding of the origins of SERS-active bands is not straight forwarded.
The most striking differences of SERS spectra among E. coli, L. monocytogenes, and S. typhimurium cultures are the appearance of more prominent SERS peaks in the E. coli and S. typhimurium suspensions than in L. monocytogenes ones. Such distinctions could be a reflection of their genetic, structural or metabolic differences. Close examination of all SERS spectra over more than one-year period indicates that intense 712 cm-1 SERS peak is common in E. coli / S. typhimurium suspensions and could be used to discriminate them from L. monocytogenes cultures, whereas the 390 cm-1 SERS band not only is the indicative of L. monocytogenes cultures but also could be used to discriminate E. coli cultures from S. typhimurium ones. , and are plotted in Figure 7 . Three cultures display much scatter distribution, probably due to a number of factors, such as the variations of chemical components and heterogeneities over batches of bacterial cultures and colloidal suspensions, and time after mixing bacteria and colloids. However, greatness of two ratios differs among three species. Careful examination indicates that the E. coli and S. typhimurium cultures can be separated from L. monocytogenes by the ratio values of I 712 / I 730 greater than 1.04 and the E. coli and S. typhimurium cultures can correctly identified from each other by the ratio values of I 390 / I 352 around 0.97, respectively. Notably, the classification model is based upon SERS spectra acquired from different colloidal batches stored for different lengths of time. Although multivariate data analysis of SERS spectra has been attempted to discriminate different bacterial species, SERS data from only one batch of colloid were used and also SERS spectra were preprocessed by subtracting a linearly increasing baseline 8 . Clearly, it is impractical and time-consuming. Consequently, development of ratio algorithms utilizing the unique SERS bands directly is simple and can be universally applied for fast, accurate, and routine screening of E. coli, L. monocytogenes, and S. typhimurium species on a variety of silver colloidal suspensions over batches and storages.
